Lending support to the hygiene hypothesis, epidemiological studies have demonstrated that allergic disease correlates with widespread use of antibiotics and alterations in fecal microbiota ("microflora"). Antibiotics also lead to overgrowth of the yeast Candida albicans, which can secrete potent prostaglandin-like immune response modulators, from the microbiota. We have recently developed a mouse model of antibiotic-induced gastrointestinal microbiota disruption that is characterized by stable increases in levels of gastrointestinal enteric bacteria and Candida. Using this model, we have previously demonstrated that microbiota disruption can drive the development of a CD4 T-cell-mediated airway allergic response to mold spore challenge in immunocompetent C57BL/6 mice without previous systemic antigen priming. The studies presented here address important questions concerning the universality of the model. To investigate the role of host genetics, we tested BALB/c mice. As with C57BL/6 mice, microbiota disruption promoted the development of an allergic response in the lungs of BALB/c mice upon subsequent challenge with mold spores. In addition, this allergic response required interleukin-13 (IL-13) (the response was absent in IL-13 ؊/؊ mice). To investigate the role of antigen, we subjected mice with disrupted microbiota to intranasal challenge with ovalbumin (OVA). In the absence of systemic priming, only mice with altered microbiota developed airway allergic responses to OVA. The studies presented here demonstrate that the effects of microbiota disruption are largely independent of host genetics and the nature of the antigen and that IL-13 is required for the airway allergic response that follows microbiota disruption.
Animal models of allergic airway disease have been extremely useful in dissecting the manifestation of Th2 responses in the airways and the long-term airway remodeling that accompanies chronic inflammation. However, current animal models of allergic airway disease do not focus on the question, "What are the possible initiating events that lead to sensitization to allergens?"
The vast majority of murine models of allergic airway disease use systemic immunization prior to airway exposure. One of the most widely studied animal models of allergic airway disease uses airway challenge of mice previously sensitized with ovalbumin (OVA) (see, for example, references 5, 15, 34, 36, 39, and 43) . In this model, normal mice are sensitized by immunization with OVA prior to airway challenge. One variation of this model does not require prior sensitization but uses mice (A/J) that are genetically deficient in C5 production (15, 39) . Other models, using allergens such as cockroach antigen (4) , dust mite antigen (42) , or Aspergillus antigen (11, 24) , also use an immunization step prior to airway challenge. A purified Aspergillus allergen protein that retains protease activity can stimulate airway Th2 responses without an adjuvant (16) . However, humans are not exposed to this protease alone; rather, they are exposed to conidia or hyphal elements (18) . Neither conidia nor hyphal elements can induce allergic airway disease without systemic priming (11, 19) . Thus, in murine allergic airway disease models that use biochemically disparate allergenic compounds such as OVA and Aspergillus conidia, a common feature is the need to immunize systemically prior to challenge.
In humans, allergies do not arise from immunization with an allergen. They develop following exposure to the allergen (25) (26) (27) . However, both animal and human studies have demonstrated that repeated airway exposure to an antigen leads to tolerance rather than sensitization (1, 2, 12, (35) (36) (37) (38) . Thus, there have been no animal models with which to study how airway exposure to allergens without prior systemic sensitization in immunocompetent individuals can lead to sensitization.
Noverr et al. have developed a mouse model of allergic airway disease that results from antibiotic therapy and microbiota disruption (30) . This model includes stable increases in the levels of gastrointestinal (GI) entericbactera and Candida, with no introduction of microbes into the lungs. Mice (C57BL/6) are treated for 5 days with cefoperazone in the drinking water, followed by a single oral gavage of Candida albicans. This procedure results in an increase in the fungal microbiota and an alteration of the GI bacterial microbiota for at least 3 weeks. If these mice are subsequently exposed intranasally to mold spores (Aspergillus fumigatus conidia) without previous systemic priming, they develop a CD4 T-cell-mediated allergic airway response to the spores. Increased levels of eosinophils, mast cells, interleukin 5 (IL-5), IL-13, gamma interferon (IFN-␥), immunoglobulin E (IgE), and mucus-secreting cells characterize the allergic response in the lungs. In the absence of microbiota disruption, mice exposed to Aspergillus conidia do not develop an allergic response in the airways. This model demonstrates experimentally that it is feasible that a clinically common scenario (antibiotic therapy leading to bacterial and fungal microbiota changes) could predispose a host to allergic airway disease. It also opens up the possibility that afferent events in allergic sensitization may occur outside the lungs and involve host-microbiota communication. The objectives of the studies described here were to determine whether the effects of microbiota disruption were largely independent of host genetics and the nature of the antigen and to determine whether IL-13 was required for the airway allergic response that follows microbiota disruption.
MATERIALS AND METHODS
Mice. Female BALB/c mice (18 Ϯ 2 g) (Jackson Laboratories, Indianapolis, Ind.) or IL-13 Ϫ/Ϫ mice (breeding colony, University of Michigan Unit for Laboratory Animal Medicine) were housed under specific-pathogen-free conditions in enclosed filter-top cages. Food and sterile water were given ad libitum. The mice were maintained by the Unit for Laboratory Animal Medicine at the University of Michigan (Ann Arbor, Mich.), and protocols were approved by an animal institutional review board.
FIG. 1. Experimental timeline for conidium challenge model of pulmonary hypersensitivity. BALB/C or IL-13 Ϫ/Ϫ mice were given oral cefoperazone (0.5 mg/ml) for 5 days (day Ϫ4 through day 0). At day 0, C. albicans (10 7 CFU) was administered orally, and mice were challenged (days 2 and 9) by intranasal exposure to A. fumigatus (10 7 conidia/mouse). Mice were analyzed at day 12 post-C. albicans inoculation.
FIG. 2. Effect of antibiotic treatment on microbiota populations.
At day 12 post-C. albicans inoculation, murine ceca were harvested, homogenized in sterile water, and plated on the following media for enumeration of cecal bacterial populations: VRBA for enteric bacteria, TSA II blood agar for total anaerobic bacteria, and SDA for yeast. Groups are as follows: untreated (conidium challenged, no antibiotic, no C. albicans inoculation) and Anb/Ca (conidium challenged, antibiotic treated, C. albicans oral inoculation). n ϭ 6 to 7 mice per time point pooled from two separate experiments.
FIG. 3.
Effects of microbiota perturbation on pulmonary eosinophil recruitment, Th2 cytokine production by lung leukocytes, and serum IgE production in conidium-challenged mice. Both groups of mice were challenged with conidia. Mice were treated as diagrammed Antibiotic treatment. Cefoperazone (0.5 mg/ml) (Sigma-Aldrich, St. Louis, Mo.) was administered orally to mice ad libitum in drinking water. Antibiotic treatment was continued for 5 days to allow for C. albicans colonization. After 5 days, drinking water was replaced with sterile water. Fecal cultures were analyzed at the termination of antibiotic therapy to confirm the efficacy of the antibiotic in decreasing GI microbiota populations. To ensure consistent microbiota recolonization, an untreated mouse was always housed with the antibiotic-treated mice.
C. albicans GI inoculation. C. albicans strain CHN1 (a human pulmonary clinical isolate) was grown to stationary phase (72 h) at 37°C in Sabouraud dextrose broth (1% neopeptone, 2% dextrose [Difco, Detroit, Mich.]) with shaking. For infection, the cultures were washed in sterile nonpyrogenic saline, counted by using a hemocytometer, and diluted to 2 ϫ 10 8 CFU/ml in sterile nonpyrogenic saline. Mice were inoculated with C. albicans (10 7 CFU in 50 l) by oral administration using a 24-gauge feeding needle attached to a 1-ml syringe. The syringe containing C. albicans was mounted on a Stepper repetitive pipette (Tridak, Brookfield, Conn.) to deliver an equivalent amount of inoculum to each mouse. Aliquots of the inoculum were analyzed for the number of CFU to monitor the amount delivered.
Intranasal inoculation with A. fumigatus conidia. A. fumigatus (ATCC 13073) was grown on Sabouraud dextrose agar (SDA; Difco) for 14 days. Conidia were harvested by washing plates with sterile 0.1% Tween 80. The resulting fungal suspension was then filtered through two layers of sterile gauze to remove hyphae. For infection, the conidia were washed in nonpyrogenic saline (Abbott Laboratories, Chicago, Ill.), counted by using a hemocytometer, and diluted to 10 9 /ml in sterile nonpyrogenic saline in order to administer 10 Tissue CFU assay. Murine tissues were excised, placed in tubes containing 10 ml of sterile water, weighed, and homogenized mechanically by using a Tissuetearor (Biospec Products, Bartlesville, Okla.). Aliquots of the homogenates were plated out in 10-fold dilutions. Several types of media were used to select for bacteria or yeast (SDA for yeast [Difco] , violet red bile agar [VRBA; Difco] for facultatively anaerobic coliform bacteria, and Trypticase soy agar with 5% sheep blood [TSA II; BD Biosciences, Franklin Lakes, N.J.] for total bacteria). SDA and VRBA plates were incubated aerobically at 37°C, and TSA II plates were incubated under anaerobic conditions (85% N 2 , 10% CO 2 , and 5% H 2 ) at 37°C. Colonies were counted 24 h later.
Lung leukocyte culture and cytokine ELISA. Mice were euthanized by CO 2 . Lungs were excised, minced, and enzymatically digested as described previously FIG. 4 . Histological analysis of lungs of mice exposed to conidia. Mice were treated as outlined in Fig. 1 . At day 12 post-C. albicans inoculation, lungs were harvested, fixed, sectioned, and stained with hematoxylin and eosin (H&E), which differentially stains leukocytes (a-d). Lung sections were also stained with PAS-hematoxylin, which stains mucus pink (e, f). Groups are as follows: untreated (conidium challenged, no antibiotic, no C. albicans inoculation) and Anb/Ca (conidium challenged, antibiotic treated, C. albicans oral inoculation). (32a) . Cell concentrations were determined by counting cells diluted in trypan blue by using a hemocytometer. Isolated leukocytes from individual mice were standardized to 5 ϫ 10 6 cells/ml and cultured in complete medium without additional stimulation at 37°C under 5% CO 2 . Supernatants were harvested at 24 h and assayed for cytokine production by an enzyme-linked immunosorbent assay (ELISA) (OptEIA; Pharmingen, San Diego, Calif.).
Cell staining. Leukocyte differentials (neutrophils, eosinophils, macrophages, and moncytes/lymphocytes) were visually counted after Wright-Giemsa staining of lung leukocyte samples cytospun onto glass slides (Shandon Cytospin, Pittsburgh, Pa.). The percentage of a leukocyte subset was multiplied by the total number of leukocytes to yield the absolute number of that leukocyte subset.
RESULTS
To establish a model of altered GI microbiota that included reproducible yeast overgrowth, C57BL/6 mice were first treated with a short course of a broad-spectrum antibiotic (cefoperazone for 4 days) in the drinking water to decrease total GI bacterial microbiota, followed by a single oral dose of C. albicans to establish a reproducible, low-level elevation of yeast numbers in the microbiota (Fig. 1) . This protocol reduced levels of anaerobic and enteric bacteria in the gut by 99.99% at day 4 of antibiotic treatment and resulted in elevated C. albicans levels in the GI tract (30) . When antibiotic treatment was discontinued (day 0), the numbers of both anaerobic and enteric bacteria increased (30) . However, recolonization by enteric bacteria following termination of antibiotics resulted in enteric bacterial levels that were 10-to 100-fold higher at day 12 post-antibiotic treatment than those in untreated mice (Fig. 2) . Levels of C. albicans in the GI tract decreased during regrowth of the bacterial microbiota but remained elevated at day 12 post-antibiotic treatment (data not shown and Fig. 2) . C. albicans did not cause overt disease symptoms and did not disseminate from the GI tract (data not shown). Thus, 12 days after antibiotic treatment, the GI microbiota of these mice was still disrupted and was characterized by an elevated ratio of enteric to anaerobic bacteria combined with low-level persistence of C. albicans.
We exposed BALB/c mice intransally to mold spores (A. fumigatus conidia) at days 2 and 9 post-antibiotic treatment (Fig. 1) to determine whether the allergic response observed in microbiota-disrupted mice was restricted to the C57BL/6 host genetic background. The pulmonary immune response following conidial challenge in Anb/Ca (antibiotic-treated, with persistent GI Candida growth) BALB/c mice was significantly different from that in untreated BALB/c mice. Conidial challenge of Anb/Ca mice produced (i) a significant increase in the number of eosinophils in the lungs, (ii) high serum IgE levels, and (iii) elevated IL-5 and IL-13 production (Fig. 3) . The eosinophilic nature of the inflammatory response was also evident by histological analysis of the lungs (Fig. 4b and d) . In addition, the high IL-13 levels (Fig. 3d) were accompanied by increased goblet cell metaplasia, as indicated by the increased number of cells staining with periodic acid-Schiff stain (PAS) in the airways (Fig. 4f) . We were unable to demonstrate that the lung leukocytes produced IL-4, but the increase in serum IgE levels indirectly indicated that IL-4 was induced in these mice (Fig. 3b) . In the absence of microbiota disruption, the response in the airways consisted of a few eosinophils; lowlevel production of IL-5, IL-13, and serum IgE; and minimal goblet cell metaplasia ( Fig. 3 and 4a, c, and e) . IFN-␥ levels and neutrophil numbers (data not shown) were slightly elevated in all conidium-challenged mice, regardless of antibiotic treatment. Control mice not challenged with mold spores exhibited no pulmonary hypersensitivity responses regardless of microbiota manipulation (data not shown), indicating that the microbiota manipulation alone did not induce a hypersensitivity response. The airway response to microbiota disruption in BALB/c mice was virtually identical to that in C57BL/6 mice (30). Thus, these results demonstrate that genetics does not play a major role in the allergic airway disease that accompanies microbiota disruption in this model. Our next objective was to test whether IL-13 was required for manifestation of the allergic airway response. High-level production of IL-13 is both necessary and sufficient to induce the features of allergic disease, including goblet cell metaplasia (21) (22) (23) 40) . BALB/c IL-13 ϩ/ϩ and IL-13 Ϫ/Ϫ mice were treated with antibiotics and allowed to establish low-grade Candida persistence prior to intranasal conidial challenge (as outlined in Fig. 1 ). In IL-13 Ϫ/Ϫ Anb/Ca mice, pulmonary eosinophil numbers, lung IL-5 and IL-13 production, serum IgE levels, and goblet cell metaplasia did not increase following conidial challenge (Fig. 5 and 6b and e) . In contrast, all of these allergic response indices were elevated in IL-13 ϩ/ϩ (wild-type) Anb/Ca mice ( Fig. 5 and 6a, c, and d) . Therefore, the inflammatory response in the lungs of mice with disrupted microbiota following mold spore exposure requires CD4 ϩ T cells and IL-13, well-described hallmarks of allergic airway disease in mice and humans.
In addition to mold spores, a number of aerosolized allergens, including pollens, dander, dust mite particles, and cockroach feces, can elicit an allergic response in the airways. Our objective was to demonstrate that the allergic airway disease following microbiota disruption was not restricted to mold spores, especially since the presence of the fungus C. albicans in the GI tract during priming appears to be required. Thus, we tested Sigma fraction V OVA as an allergen because it is not a fungal product, it is commonly used in animal models of allergic airway disease (5, 15, 34, 36, 39, 43) , and allergic responses to this "antigen" require some form of systemic priming before inhalation exposure (6) .
A vigorous allergic airway disease also developed in BALB/c mice with disrupted microbiota following repeated intranasal OVA challenge. Despite the use of a different type of intranasal antigenic challenge (Fig. 7) , the microbiota disruption protocol created the same general changes in the GI microbiota of
FIG. 6. Histological analysis of lungs of IL-13
Ϫ/Ϫ mice exposed to A. fumigatus. Mice were treated as outlined in Fig. 1 . At day 12 post-C. albicans inoculation, lungs were harvested, fixed, sectioned, and stained with hematoxylin and eosin (H&E), which differentially stains leukocytes (a-c). Lung sections were also stained with PAS-methyl green, which stains mucus pink (d, e). Both BALB/c and IL-13 Ϫ/Ϫ mice were challenged with A. fumigatus, treated with an antibiotic, and orally inoculated with C. albicans.
OVA-challenged BALB/c mice as in mold spore-challenged BALB/c mice ( Fig. 2 and 8) . The pulmonary immune response following OVA exposure in Anb/Ca BALB/c mice was significantly different from that in untreated BALB/c mice. Exposure of Anb/Ca mice to OVA produced (i) a significant increase in the number of eosinophils in the lungs, (ii) high serum IgE levels, and (iii) elevated IL-5 and IL-13 production (Fig. 9) . The eosinophilic nature of the inflammatory response was also evident in histological analysis of the lungs (Fig. 10b  and d) . Again, we were unable to demonstrate that the lung leukocytes produced IL-4, but the increase in serum IgE levels indirectly indicated that IL-4 was induced in these mice (Fig.  9b) . In the absence of microbiota disruption, the response in the airways consisted of a few eosinophils and low-level production of IL-5, IL-13, and serum IgE (Fig. 9 and 10a and c) . IFN-␥ levels and neutrophil numbers (data not shown) were slightly elevated in all mice exposed to fraction V OVA, regardless of antibiotic treatment. The most striking change following microbiota disruption was the development of a widespread goblet cell metaplasia (Fig. 10f) that was even more pronounced than that in mice challenged with Aspergillus   FIG. 7 . Experimental timeline for OVA challenge model of pulmonary hypersensitivity. BALB/c mice were given oral cefoperazone (0.5 mg/ml) for 5 days (day Ϫ4 through day 0). At day 0, C. albicans (10 7 CFU) was administered orally. Mice were challenged (days 2, 5, 9, 12, 16, and 19) with intranasal ovalbumin (50 g/mouse). Mice were analyzed at day 21 post-C. albicans inoculation.
FIG. 8. Effect of antibiotic treatment on cecal microbiota populations. At day 21, ceca were harvested and plated on the following media to enumerate cecal bacterial populations: VRBA for enteric bacteria, TSA II blood agar for total anaerobic bacteria, and SDA for yeast. n ϭ 7 mice per time point pooled from two separate experiments. Groups are as follows: untreated (OVA challenged, no antibiotic, no C. albicans inoculation) and Anb/Ca (OVA challenged, antibiotic treated, C. albicans oral inoculation). *, P Ͻ 0.05 as determined by Student's t test. Fig. 4f and 6d) . Overall, these experiments demonstrate that the allergic airway disease following microbiota disruption is not restricted to mold spores and can be stimulated by the "model allergen" Sigma fraction V OVA.
DISCUSSION
The rates of allergy and asthma in Westernized countries have increased significantly over the past 4 decades, and increased antibiotic use and altered fecal microbiota (microflora) both correlate with these increased rates of allergies and asthma (reviewed in references 29 and 41). Germfree animals also display numerous defects in the regulation of immune responses (20) , raising the possibility that changes in the microbiota are a predisposing factor for development of allergic responses in the airways. One of the most common changes in the microbiota following antibiotic therapy is increased num- FIG. 10 . Histological analysis of lungs of OVA-challenged mice. Mice were treated to disrupt the microbiota and were challenged intranasally with OVA as outlined in the experimental design (Fig. 7) . At day 21 post-C. albicans inoculation, lungs were harvested, fixed, sectioned, and stained with hematoxylin and eosin (H&E), which differentially stains leukocytes (a-c). Lung sections were also stained with PAS-methyl green, which stains mucus pink (d, e). Groups are as follows: untreated (OVA challenged, no antibiotic, no C. albicans inoculation) and Anb/Ca (OVA challenged, antibiotic treated, C. albicans oral inoculation). (31, 32) . Oxylipins are potent immunomodulatory molecules, providing a potential mechanism by which growth of fungal microbiota in a mucosal site could potentiate or alter immune responses on the mucosa (28). The animal model described in this report utilizes antibiotic therapy and low-grade GI Candida persistence to model a common clinical scenario. Our objective was to use this model to address whether microbiota disruption could predispose an individual to allergic airway disease via a mechanism that is independent of genetics or the type of antigen (fungal versus nonfungal).
In this report, we have demonstrated that microbiota disruption can alter immune regulation in the airways, leading to upregulation of Th2 responses to both mold spore and OVA exposure in BALB/c mice. A similar response to mold spore challenge in C57BL/6 mice with disrupted microbiota has been reported previously (30) . The most notable feature of this model is that systemic priming is not necessary to generate an immune response in the airways to antigen exposure. Intranasal antigen exposure of mice with disrupted microbiota will elicit a Th2 immune response rather than a tolerogenic response (1, 2, 12, (35) (36) (37) (38) . Thus, antibiotic therapy and increased fungal microbiota persistence can disrupt normal airway tolerance, regardless of the genetic background of the host (BALB/c versus C57BL/6) or the biochemical nature of the antigen (A. fumigatus conidia versus OVA) to which the host is exposed.
We chose to compare the responses in BALB/c and C57BL/6 mice because these two inbred mouse strains with disparate major histocompatibility complex classes have been reported to differ significantly in the polarization of their T-cell responses to a number of antigens both systemically and in the airways (7, 10, 13, 14, 17, 33) . These two mouse strains have been strongly suggested to have genetic predispositions to polarize in opposite directions toward either Th1 or Th2 responses, depending on the stimulus (7, 10, 13, 14, 17, 33) . Thus, testing the microbiota disruption model on these two mouse strains provides a proof in principle that genetics does not play a major role in this process.
We have also shown that the airway allergic response in mice with disrupted microbiota is driven by IL-13. This Th2 cytokine is functionally similar to IL-4; the IL-13 receptor complex is composed of a low-affinity IL-13␣ chain and the IL-4 receptor ␣ subunit (9) . IL-13 is produced not only by both CD4 ϩ and CD8 ϩ T cells but also by granulocytic cells involved in allergic responses (eosinophils, basophils, mast cells) (22) . Both IL-4 and IL-13 are involved in perpetuating Th2 responses; however, IL-13 is a key regulator of allergy and asthma and is both necessary and sufficient for induction of all features of allergic disease (21) (22) (23) 40) . It has been shown previously that CD4 ϩ T cells are required for the response (30) . In addition to the Th2 nature of the response, IFN-␥ was also produced by lung leukocytes during the inflammatory response. The production of IFN-␥ and Th2 cytokines in the lungs is consistent with an allergic airway response (8) .
The afferent events in this model of allergic disease remain to be dissected but appear to be strongly influenced by the microbiota of the host. As hypothesized in more detail in other reports, there are striking correlates between oral tolerance, airway tolerance, intact microbiota, and the development of regulatory T cells (29, 30) . Thus, one possibility is that the microbiota plays a role in promoting the development of regulatory T cells that downregulate Th2 responses in the airways. Future studies will address this potential mechanism. Altogether, the immunologic studies in this and our previous work indicate that intranasal antigen challenge of mice with disrupted microbiota will produce a classic allergic-type response in the airways that is absent if the microbiota is intact. The present studies demonstrate that the allergic response can be generated in genetically disparate inbred mouse strains by using both fungal and nonfungal antigens.
